Introduction
Three-dimensional spatial organization of genomes plays a key role in cellular processes ranging from gene expression, replication, and DNA repair. 4, 9, 11 Importantly, microscopy and genomics approaches show that genomes are organized at multiple hierarchical levels. 4, 9, 11 A number of studies have considered the importance of higher-order chromosome organization for determining translocations and somatic alterations in such processes as VDJ recombination, a process by which T and B lymphocytes assemble gene segments into mature immunoglobulin genes, and cancer. 20, 17, 19, 28, 13, 18, 8, 6, 25 Higher-order chromosome organization has a natural role in these processes by limiting the potential partners for repair of a particular double-strand break, 19 and can be understood in the context of a micro-evolutionary process as imposing a different mutation rate for different possible rearrangements 8 Fewer studies have considered how 3D organization might shape genome evolution at larger evolutionary time scales. 24, 27, 22, 5 Moreover, these studies have fairly generally considered the connection between the 3D chromosome organization and evolutionary rearrangements, rather than the evolutionary impact of specific principles of chromosome organization.
Budding yeast has a particularly well-characterized higher-order chromosome organization. 29 Specifically, the chromosome organization is well-described by a Rabl-like configuration, where centromeres are clustered at the spindle pole body (SPB) and telomeres are localized at the nuclear periphery. 14, 12, 15, 3, 7 Importantly, the Rabl clustering has chromosome-wide consequences. In particular, high-throughput imaging of subtelomeres demonstrates that the short chromosome arms are located in a small region near the SPB, and cannot explore the entire nuclear space, whereas longer arms extend away from the SPB. 21 In addition, Hi-C shows that that regions at equal distances from the centromere tend to come in contact more frequently; 7 in other words, chromosomal arms are statistically aligned (Fig. 1A) . Remarkably, using simulations, multiple groups found that a limited set of geometric constraints could provide good genome-wide agreement with Hi-C data, 23, 26 and illustrate how the statistical alignment of chromosomal arms can emerge from physical principles. These studies demonstrate the degree to which budding yeast are wellcharacterized by a Rabl-like organization. This well-characterized chromosomal organization makes budding yeast an ideal system for testing the connection between specific principles of higher order organization and evolutionary events.
Here we study the connection between the history of chromosome rearrangements and the three-dimensional genome organization in yeast. We first develop an algorithm for predicting genome rearrangement events by comparison of yeast species. Using these predicted rearrangements, we find that rearrangement partners in S. cerevisiae demonstrate a higher contact probability via Hi-C relative to other genes. We then generalized this connection, and show that rearrangement partners tend to be more equally distant from their respective centromeres, in agreement with the Rabl-like chromosome organization. This allowed us to test whether other yeast species, where Hi-C data is not yet available, display a similar evolutionary pattern. Indeed, we found this pattern, suggesting a general importance of the Rabl-like organization for rearrangements, across Saccaromyces species, as well as Tetrapisispora phaffii.
Methods

Rearrangement data
We downloaded ordered lists of genes and manually curated sets of homologous genes for all genomes available in the Yeast Gene Order Browser (YGOB, http://wolfe.gen.tcd.ie/ ygob/, Version 7). 2 Similar to Gordon et al. 10 , a sliding window approach was used to infer the syntenic context in the sets of homologous genes. However, instead of manual screening in YGOB, we developed an automatic algorithm.
An algorithm to infer the syntenic context
YGOB provides an ordered list of genes in the predicted ancestral yeast genome, before the whole-genome duplication event. 10 (Fig. 1B) . After that, we group all pairs of genes syntenic between O and the ancestral genome into synteny blocks by the single linkage approach.
Validation of the algorithm
Rearrangements were defined as events between two genes located at the ends of synteny blocks at different chromosomes (or on different arms of the same chromosome) in the extant yeast genome, and within 20 genes from each other in the ancestral genome (Fig. 1C) . We predicted rearrangements for S.cerevisiae using our algorithm, and compared them with rearrangements predicted manually in Gordon et al. 10 for the same species (Supplementary  Tables 1-3 ). Most rearrangements matched exactly (70) or with up to 20Kb precision (17) between two prediction methods, and ten rearrangements shared one partner gene. However, 22 rearrangements were predicted by the automatic method only, and 26 rearrangements were predicted by the manual method only.
Control and bootstrapping procedures
Control pairs of genes were constructed by random switching of rearrangement partners between pairs of genes with a predicted rearrangement event. Because the number of rearrangements was not large, we applied a bootstrapping procedure to account for distortions caused by possible outliers. Bootstrapping across rearrangements was done as random sampling with replacement of pairs of genes with a predicted rearrangement event, repeated 1000 times. To estimate the q-value for the bootstrapping, we calculated the median of each bootstrap and compared the distribution of these medians to the median of the control gene pairs using Student's t-test.
Results
We applied our algorithm (see Methods) to infer the syntenic context in genomes of four Saccharomyces species and T. phaffii available in Yeast Gene Order Browser. 2 If two genes were located at the ends of synteny blocks at different chromosomes (or on different arms of the same chromosome) in the extant yeast genome, and within 20 genes from each other in the ancestral yeast genome predicted in Gordon et al, 10 there likely had been a rearrangement event between these two genes (Fig. 1C) . This yielded 119 rearrangement events in S. cerevisiae, 120 events in S. kudriavzevii, 127 events in S. mikatae, 119 events in S. uvarum, and 125 events in T. phaffii (Supplementary Tables 4-8 ). All these species have sixteen chromosomes. Given the importance of the Rabl-like organization in yeast, changes in chromosome numbers might influence the distances between centromeres and rearrangements emerging during the evolutionary history.
We first compared the set of rearrangements observed for S. cerevisiae with Hi-C data 1 to test whether genes involved in rearrangements were more likely to interact in S. cerevisiae.
We processed the Hi-C data as described in Lajoie et al. 16 and produced a 20Kb binned, genome-wide interaction frequency matrix. Only pairs of genes located at different chromosomes or at different arms of the same chromosome were considered. We separately considered genes located near centromeres (0≤X<250Kb and 0≤Y<250Kb) and more remote from centromeres (250≤X<500Kb and 250≤Y<500Kb). Pairs of genes with a rearrangement event in 0-250Kb from the centromere demonstrated 1.27 fold higher average contact frequency than control pairs of genes (see Methods) in the same range of distances from the centromere (Wilcoxon test p-value = 0.017, Fig. 2A , left green and gray boxplots). No significant excess was observed for the 250-500Kb range, where the contact probability becomes uniform on the between-chromosome contact map (Wilcoxon test p-value > 0.1, Fig. 2A , right green and gray boxplots). Our result was robust to bootstrapping across rearrangements (see Methods, q-value = 0.004, Fig. 2A , left yellow and gray boxplots). Control pairs of genes demonstrated no difference in the spatial distance for regions of aligned or not aligned chromosomal arms (Wilcoxon test p-value > 0.1, Fig. 2 , two gray boxplots). Note that the 250Kb threshold was selected as the best estimate of the distance from the centromere where aligned chromosome arms become separated (Table 1) .
We then reasoned that if the enrichment seen upon comparing S. cerevisiae rearrangements with the Hi-C data reflects the Rabl-induced alignment of chromosomal arms, we could use this to test for a similar signal in other species where Hi-C data is currently unavailable. In particular, Hi-C demonstrates that the Rabl-like configuration implies that regions equidistant from centromeres come in more frequent contact; in turn, we would observe a preference for rearrangements at locations equidistant from centromeres. Towards this end, for pairs of genes with a predicted rearrangement event, we compared their genomic distances to centromeres, X and Y, and computed |X − Y| as a measure of alignment between them in the Rabl-like configuration (Fig. 1A) .
Following this logic, we found that pairs of genes involved in rearrangement events indeed had 1.49 fold smaller average difference in distance |X − Y| to the centromere in S. cerevisiae for the 0-250Kb region than in controls, validating our approach (Wilcoxon test p-value = 0.001, Fig. 2B , left green and gray boxplots). Consistent with our comparison to Hi-C data, the observed tendency of rearrangement partners to be equally distant from the centromere disappeared for 250-500Kb range (Wilcoxon test p-value > 0.1, Fig. 2B , right green and gray boxplots).
We then tested whether this effect held across all five yeast species considered. Intriguingly, we found this effect was visible not only in Saccharomyces species but also in T. phaffi (Fig.  3) suggesting a Rabl-like chromosome configuration in T. phaffii, where little was previously known about 3D chromosomal organization.
Repeating the analysis using public rearrangements data 10 for S. cerevisiae confirmed our observations (Fig. 4) . To test whether our results were robust to possible translocations between subtelomeric regions, we repeated the same analysis excluding 75Kb regions closest to telomeres, and found that it had not affected the qualitative results: 1.34 fold change in Hi-C contact frequency and 1.40 fold change in distance |X − Y| to the centromere for the 0-250Kb region had disappeared for the 250-500Kb range.
Conclusions
Taken together, our results show that the spatial organization of yeast genome in the Rabllike configuration plays an important role in the selection of rearrangement partners over evolutionary timescales. First, our analyses of Hi-C data show that genes involved in rearrangement events demonstrate much higher contact frequency with each other. Second, we find that considering this in the context of the Rabl-like configuration, where genes equally distant from the centromere are more likely to encounter each other, allows us to extend our analyses to other closely related yeast species. Finally, we speculate that chromosomes in T. phaffi might adopt a Rabl-like conformation, similar to Saccharomyces species chromosomes.
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